**Specification Table** Subject areaMaterials ScienceSpecific subject areaAluminum-magnesium alloysType of dataTableFigureHow data were acquiredSystematic density functional theory calculations are performed to quantify the uncertainty sources of diffusivity predictions in Al-Mg system.Data formatRawAnalyzedParameters for data collectionCalculated data were obtained using a plane-wave cutoff of 260 eV, a $6\, \times \, 6\, \times \, 6$*k*-point mesh for Brillouin zone integration with a Monkhorst-Pack grid and a first-order Methfessel-Paxton method with a smearing width of 0.2 eV for the electronic smearing.Description of data collectionData were calculated from atomistic simulations using Vienna Ab-initio Simulation Package (VASP) package.Data source locationColumbus, OH, USAData accessibilityRepository name: Data in Brief Dataverse\
Direct URL to data: <https://doi.org/10.7910/DVN/5IHKIC>[@bib0002]Related research articleZhong et al. "An integrated experimental and computational study of diffusion and atomic mobility of the aluminum-magnesium system". *Acta Materialia* (2020) [@bib0001]

Value of the Data {#sec0001a}
=================

•Systematic uncertainty analysis on the diffusivity prediction arising from the density functional theory (DFT) calculations is performed in magnesium-aluminum alloys. These calculations lead to the more accurate prediction of transport coefficients from first-principles atomistic simulations.•Using the optimum DFT settings in predicting diffusion coefficients for the stable phases, self and impurity diffusion in the metastable phases, which cannot be assessed experimentally, can be evaluated from DFT calculations.•The calculated diffusion data can be used to develop the fundamental mobility databases.

1. Data description {#sec0001}
===================

In this work, we calculate solute diffusion coefficients from the density functional theory (DFT) inputs by following the Green function solution to the master equation approach [@bib0013]. For impurity diffusion calculation in face-centered cubic (fcc) systems, we use five-frequency model [@bib0014]. [Fig. 1](#fig0001){ref-type="fig"} shows the five identical jumps representing the symmetrically unique vacancy/solute (solvent) jumps. These rates are defined as vacancy hops in the solvent (*ω*~0~), vacancy rotation around the solute (*ω*~1~), vacancy-solute exchange (*ω*~2~), dissociation from (*ω*~3~) and association towards (*ω*~4~) the solute. [Table 1](#tbl0001){ref-type="table"} lists the attempt frequencies and migration barriers for the five frequencies for diffusion of Mg(Al) in fcc Al(Mg) along with the corresponding solute-vacancy binding energies.Fig. 1Five-frequency jumps in fcc crystal structure. Solute (S) and vacancy (V) are indicated by yellow sphere and white square, respectively. Blue spheres represent host atom. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 1Fig. 2Atomic hops considered in the diffusion model in hcp (based on the notations in [@bib0015]). Top and bottom rows show the basal and pyramidal jumps, respectively. Schematics in the left and right columns represent the solute and vacancy on the same plane (1b) and solute and vacancy on the different plane (1p), respectively. Note that the two reorientation jumps from 1b, that have been treated as a unique jump in previous models, are distinguished by 1b-1b in blue and [1b-1b]{.ul} in yellow in the top left figure. Solute (S) and vacancy (V) are indicated by yellow sphere and white square, respectively. Blue spheres represent host atom (modified after [@bib0015]). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 2Table 1Migration barriers (eV) and attempt frequencies (THz) of jumps involved in the diffusion of Mg(Al) in fcc Al(Mg) within the five-frequency model [@bib0017]. Values calculated using ultra-soft pseudopotential (USPP) and the PBE functional are compared to the PAW with the PBEsol functional (PAW-PBEsol). Attempt frequencies from both density functional perturbation theory (DFPT) and finite difference method (FDM) using PAW-PBEsol functional are calculated and compared. Solute-vacancy nearest-neighbor binding energies are also listed.Table 1SystemQuantityDFT SettingsBinding Energy (eV)Solvent DiffusionRotationExchangeDissociationAssociation*ω*~0~*ω*~1~*ω*~2~*ω*~3~*ω*~4~Mg in fcc AlE^mig^(eV)USPP0.0080.5370.6800.3930.4770.457PAW-PBEsol−0.0060.7070.7440.4650.5900.663*ν*(THz)DFPT-6.4759.30943.78310.2646.064FDM-14.8143.1524.8328.84218.128Al in fcc MgE^mig^(eV)USPP−0.010.3610.2840.5410.4100.407PAW-PBEsol−0.0380.3780.3170.6110.3650.444*ν*(THz)DFPT-11.8756.3569.6058.01114.791FDM-16.87933.40757.861338.23020.771

To calculate the diffusion coefficients in hexagonal close packed (hcp) systems, we use sixteen-frequency model recently proposed by Agarwal and Trinkle [@bib0015]. [Fig. 2](#fig0002){ref-type="fig"} shows these symmetrically unique jumps in an hcp lattice following the notation in reference [@bib0015]. The symmetry-unique frequencies and solute/vacancy migration barriers are tabulated in [Table 2](#tbl0002){ref-type="table"} and [Table 3](#tbl0003){ref-type="table"}.Table 2Migration barriers (eV) and attempt frequencies (THz) for the diffusion of dilute Mg(Al) in hcp Al(Mg) from the 1b configuration following the notation in reference [@bib0015]. Migration barriers from previous DFT works are also included for comparison (cf. [Fig. 2](#fig0002){ref-type="fig"} for notation and the caption in [Table 1](#tbl0001){ref-type="table"} for DFT settings interpretation).Table 2SystemQuantityDFT SettingsBinding Energy(eV)ExchangeReorientationDissociation1b-sol1b-1b[1b-1b]{.ul}1b-1p1b-2p1b-4p1b-4b1b-[4b]{.ul}1b-6bAl in hcp MgE^mig^(eV)USPP−0.0390.5110.2250.3660.3030.4580.4070.4070.3830.382PAW-PBEsol−0.0460.5540.2510.3880.3260.4810.4310.4320.4080.406Ref. [@bib0015]−0.0270.5240.2400.3780.3180.4720.4260.4240.3990.392Ref. [@bib0018]-0.599-0.3720.343\-\-\--0.414*ν*(THz)DFPT-39.9437.3137.6288.68611.89210.9158.4369.3468.566FDM-7.3694.41910.4424.0434.2012.5528.9092.4693.660Mg in hcp AlE^mig^(eV)USPP−0.0130.3050.6210.4520.5410.3850.4030.3630.4090.381PAW-PBEsol−0.0690.4320.7680.5970.6960.5370.5550.5160.5510.528*ν*(THz)DFPT-14.8426.47114.07025.7845.2239.47511.2043.2942.952FDM-16.1659.22913.13132.6976.02311.97413.2253.8133.257Table 3Migration barriers (eV) and attempt frequencies (THz) for the diffusion of dilute Mg(Al) in hcp Al(Mg) from the 1p configuration following the notation in reference [@bib0015]. Migration barriers from previous DFT works are also included for comparison (cf. [Fig. 2](#fig0002){ref-type="fig"} for notation and the caption in [Table 1](#tbl0001){ref-type="table"} for DFT settings interpretation).Table 3SystemQuantityDFT SettingsBinding Energy(eV)ExchangeReorientationDissociation1p-sol1p-1p1p-1b1p-2p1p-3c1p-4p1p-5pAl in hcp MgE^mig^(eV)USPP−0.0310.5460.2920.2950.4280.4470.3910.395PAW-PBEsol−0.0410.5950.3330.3190.4510.4920.4180.435Ref. [@bib0015]−0.0200.5670.3080.3110.4410.4710.4090.414Ref. [@bib0018]-0.6540.3260.326\--0.418-*ν*(THz)DFPT-52.31081.3569.77113.0309.34110.072187.880FDM-7.38813.7252.8183.7064.2714.66312.181Mg in hcp AlE^mig^(eV)USPP−0.0190.2940.5140.5450.3700.3760.3990.420PAW-PBEsol−0.0740.4230.6670.7020.5220.5230.5460.590*ν*(THz)DFPT-19.99411.46116.9763.8208.4387.84719.901FDM-19.31610.83621.2103.5258.6656.03219.747

For self-diffusion coefficients, the five-frequency model is reduced to one, vacancy jump to the nearest neighbor host atom. Similarly, sixteen-frequency jumps in hcp are reduced to two, vacancy jump to the nearest neighbor host atom on the basal and pyramidal planes. [Table 4](#tbl0004){ref-type="table"} lists the energy barriers and attempt frequencies for vacancy jumps in the elemental hcp and fcc systems.Table 4Migration energies (eV) and attempt frequencies (THz) for vacancy mediated diffusion in elemental fcc/hcp Al and Mg. For hcp systems, the values for basal and (pyramidal) jumps are shown without and (with) parentheses. For DFT settings tags interpretation, refer to the caption in the text and [Table 1](#tbl0001){ref-type="table"}.Table 4QuantityDFT\
Settingshcp Mgfcc Alfcc Mghcp AlE^mig^(eV)USPP0.383 (0.402)0.5650.3980.423 (0.448)PAW-PBEsol0.407 (0.423)0.6330.3630.502 (0.523)*ν*(THz)DFPT5.018 (6.497)4.8547.7157.844 (7.553)FDM3.873 (2.759)6.9588.7429.712 (4.883)

Vacancy formation energy and entropy are evaluated by calculating the Gibbs free energy of both the perfect supercell and the supercell with a vacancy at elevated temperature within the quasi-harmonic approximation (QHA) from phonon calculations [@bib0016]. Calculated vacancy formation energies and entropies are listed in [Table 5](#tbl0005){ref-type="table"}. Finally, transition energies and attempt frequencies computed from DFT are used to compute the diffusion coefficients *D* and fitted into the conventional Arrhenius form:$$D = D_{0}\exp\left( - \frac{E_{\text{act}}}{k_{B}T} \right)$$where *D*~0~ and *E*~act~ are diffusion prefactor and activation energy for diffusion, respectively.Table 5Vacancy formation energies and vacancy formation entropies in fcc/hcp Al/Mg systems using different DFT settings. For Al cells, calculated values from regular PAW-PBE functional are also reported.Table 5SystemDFT\
Settings$\text{H}_{V}^{\text{F}}$ (eV)$\text{S}_{\text{V}}^{\text{F}}(\text{k}_{\text{B}}$)hcp MgUSPP0.7551.591PAW-PBEsol0.8831.968fcc AlUSPP0.5821.277PAW-PBE0.6901.393PAW-PBEsol0.8132.324fcc MgUSPP0.5800.313PAW-PBEsol0.8931.716hcp AlUSPP0.5090.371PAW-PBE0.6901.393PAW-PBEsol0.7101.031

[Fig. 3](#fig0003){ref-type="fig"} shows the calculated self-diffusion in fcc Al and hcp Mg using different exchange correlation (XC) functionals of ultra-soft pseudopotential (USPP) and projector augmented wave (PAW) compared with the experimental assessment done by Zhong et al.[@bib0001]. According to the Arrhenius equation in [Equation 1](#eq0001){ref-type="disp-formula"}, the slope of the calculated diffusivity lines corresponds to the activation energy *E*~act~ and the intercept with vertical axis corresponds to the diffusion pre-factor *D*~0~. While the migration energies and vacancy formation energies mainly contribute to the *E*~act~, vacancy formation entropy and migration frequencies mainly influence *D*~0~. [Table 6](#tbl0006){ref-type="table"} lists the Arrhenius fit to the self-diffusivities using different DFT settings and compares those with some previous studies reported in the literature. Self diffusion coefficient data points at each temperature can be found in reference [@bib0002].Fig. 3Self diffusion coefficients for fcc Al and hcp Mg. DFT-derived values using different exchange-correlation pseudopotentials and attempt frequency calculation methods are compared with the experimental assessment in reference [@bib0001]. For Al systems, diffusivity values with the vacancy formation energy and entropy evaluated from regular PAW-PBE is also shown.Fig. 3Table 6Arrhenius fit to the calculated self-diffusion coefficients. Diffusivities are fit to the $D = D_{0}\exp\left( - E_{act}/k_{B}T \right)$ equation, where *D, D*~0~, and *E~act~* are diffusivity, diffusion prefactor and activation energy barrier, respectively. These values are compared to the experimental values reported in the literature, For Al systems, fit to the diffusivity data derived from regular PAW-PBE functional for vacancy formation energies and entropies are also included. For hcp systems, diffusivity values for basal and ($\overset{\rightarrow}{c}$) are shown without and (with) parentheses. For DFT settings tags interpretation, refer to the caption in the text and [Table 1](#tbl0001){ref-type="table"}.Table 6SystemDFT\
SettingsD~0~(m^2^/*s*)$\text{E}_{\text{act}}$ (eV)hcp MgUSPP5.76E-06 (4.62E-06)1.14 (1.15)PAW-PBEsol, DFPT6.15E-06 (7.17E-06)1.29 (1.30)PAW-PBEsol, FDM3.99E-06 (3.21E-06)1.29 (1.30)Assessed experimental data [@bib0001]2.88E-051.30Ref. [@bib0019] (Experimental)2.00E-04 (2.03E-03)1.44 (1.46)fcc AlUSPP5.98E-061.15USPP(vac:PAW-PBE)6.71E-061.25PAW-PBEsol, DFPT1.38E-051.45PAW-PBEsol, DFPT (vac:PAW-PBE)5.42E-061.32PAW-PBEsol, FDM2.42E-051.45PAW-PBEsol, FDM (vac:PAW-PBE)9.55E-061.32Assessed experimental data [@bib0001]1.79E-051.32fcc MgPAW-PBEsol, FDM1.49E-051.26hcp AlPAW-PBEsol, FDM2.87E-06 (1.92E-06)1.22 (1.23)PAW-PBEsol, FDM (vac:PAW-PBE)4.11E-06 (2.76E-06)1.20 (1.21)

[Fig. 4](#fig0004){ref-type="fig"} shows the calculated Mg/Al impurity diffusion in fcc Al/hcp Mg. [Table 7](#tbl0007){ref-type="table"} lists the Arrhenius fit to the calculated diffusivities for impurity diffusion coefficients and compares these values with the experimental assessment reported in [@bib0001]. All the raw diffusion values are also provided in the Data in Brief Dataverse [@bib0002].Fig. 4Impurity diffusion coefficients: (a) Mg in fcc Al and (b) Al in hcp Mg. DFT-derived values using different exchange-correlation pseudopotentials and attempt frequency calculation methods are compared with the experimental assessment in reference [@bib0001]. For Al systems, diffusivity values with the vacancy formation energy and entropy evaluated from regular PAW-PBE is also shown.Fig. 4Table 7Arrhenius fit to the calculated impurity diffusion coefficients. Diffusivities are fit to the $D = D_{0}\exp\left( - E_{act}/k_{B}T \right)$ equation, where *D, D*~0~, and *E~act~* are diffusivity, diffusion prefactor and activation energy barrier, respectively. These values are compared to the experimental values reported in the literature. For Al systems, fit to the diffusivity data where the regular PAW-PBE functional is used to calculate vacancy formation energies and entropies are also included. For hcp systems, diffusivity values for basal and ($\overset{\rightarrow}{c}$) are shown without and (with) parentheses. For DFT settings tags interpretation, refer to the caption in the text and [Table 1](#tbl0001){ref-type="table"}.Table 7SystemDFT\
SettingsD~0~(m^2^/*s*)$\text{E}_{\text{act}}$ (eV)Al in hcp MgUSPP1.17E-05 (1.78E-05)1.27 (1.31)PAW-PBEsol, DFPT5.12E-05 (7.09E-05)1.39 (1.43)PAW-PBEsol, FDM9.52E-06 (1.00E-05)1.39 (1.43)Assessed experimental data [@bib0001]3.13E-051.38Ref. [@bib0015] (DFT)1.87E-06 (2.02E-06)1.46Ref. [@bib0020] (DFT)3.44E-05 (3.11E-5)1.41Ref. [@bib0018] (DFT)4.24E-06 (7.17E-06)1.29Mg in fcc AlUSPP2.06E-051.06USPP(vac:PAW-PBE)2.30E-051.16PAW-PBEsol, DFPT3.72E-051.41PAW-PBEsol, DFPT (vac:PAW-PBE)1.47E-051.29PAW-PBEsol, FDM1.45E-051.38PAW-PBEsol, FDM (vac:PAW-PBE)5.70E-061.25Assessed experimental data [@bib0001]5.61E-051.31Al in fcc MgPAW-PBEsol, DFPT1.03E-051.46Mg in hcp AlPAW-PBEsol, DFPT8.58E-06 (1.08E-05)1.19 (1.20)PAW-PBEsol, DFPT (vac:PAW-PBE)5.04E-06 (6.31E-05)1.08 (1.10)

Based on these findings, we predict the diffusion coefficients in metastable (hypothetical) phases using optimum DFT settings in the stable phases. Elemental self-diffusivities in hcp Al and fcc Mg, and Al/Mg impurity diffusion in fcc Mg/hcp Al are shown in [Fig. 5](#fig0005){ref-type="fig"} and the Arrhenius fit is listed in [Tables 6](#tbl0006){ref-type="table"} and [7](#tbl0007){ref-type="table"}.Fig. 5Diffusion coefficients in metastable phases: (a) self-diffusivities in elemental hcp Al and fcc Mg, (b) impurity diffusion of Al in fcc Mg and Mg in hcp Al using the optimized DFT settings identified for stable phases as explained in the text.Fig. 5

2. Experimental design, materials, and methods {#sec0002}
==============================================

An integration of diffusion multiples and forward-simulation analysis was employed to experimentally investigate the diffusion between polycrystalline Al (99.95 wt.%) and Mg (99.95 wt.%) at four temperatures between 275^∘^C and 420^∘^C [@bib0001]. The interdiffusion coefficients in the stable phases fcc Al, hcp Mg, $\beta - \text{Mg}_{17}\text{Al}_{12},$ $\gamma - \text{Mg}_{2}\text{Al}_{3},$ $\varepsilon - \text{Mg}_{23}\text{Al}_{30}$ as well as the impurity diffusion coefficients in fcc Al and hcp Mg were extracted. The design of the diffusion multiples and the experimental procedure were described concretely in the Section 2.1 of reference [@bib0001]. The experimental diffusion coefficients of the Al-Mg system in the literature were also collected (cf. Tables 1--3 in reference [@bib0001]) to assess the self-diffusion coefficients of fcc Al/hcp Mg and impurity diffusion coefficients of Al/Mg in hcp Mg/fcc Al along with the data obtained from this work. The best judgements of those four dilute diffusion coefficients in the stable fcc Al and hcp Mg phases serve as the criteria to evaluate the result quality of DFT calculations to identify the optimal settings to compute the dilute diffusion coefficients of Al and Mg in metastable phases (hcp Al and fcc Mg).

DFT calculations are performed using VASP package [@bib0003], a plane-waved based density functional code. We compare ultra-soft pseudopotential (USPP) [@bib0004] with projector augmented wave (PAW) [@bib0005] formalism based potentials within the generalized gradient approximation (GGA) exchange correlation. In particular, we implement Perdew-Burke-Ernzerhof [@bib0006] (labeled as PBE) and a modified version by incorporating surface energy error correction [@bib0007] (labeled as PBEsol) functionals. A plane-wave cutoff of 260 eV is used throughout the calculations. A 4 × 4 × 3 (96 atoms) and a 3 × 3 × 3 (108 atoms) supercell is employed for hcp and fcc structures, respectively. For electronic smearing, the first-order Methfessel-Paxton method [@bib0008] with a smearing width of 0.2 eV is used. A 6 × 6 × 6 *k*-point mesh is used for Brillouin zone integration with a Monkhorst-Pack grid for all supercells. Γ-point is included in the *k*-mesh for hcp systems. Conjugate gradient method is used for minimizing the energy of all atoms until the forces are less than 0.1 meV/ Å. The calculated lattice parameters using the settings above are $a = 4.04\,$ Å for fcc-Al, $a = 4.51\,$ Å for fcc-Mg, $a = 3.69\,$ Å; $\frac{c}{a} = 1.41$ for hcp Mg and $a = 3.29\,$Å; $\frac{c}{a} = 1.44$ for hcp Al. Vacancy hop rate follows $\omega = \nu_{0}\exp\left( - E_{a}/k_{B}T \right),$ where *ν*~0~ is the attempt frequency and *E~a~* the energy difference between saddle point and initial configuration, assuming transition state theory. *k~B~* and *T* are Boltzmann constant and temperature, respectively.

To calculate the transition state configuration and energy, we use climbing-image nudged elastic band (CI-NEB) method with one intermediate image [@bib0009]. These CI-NEB calculations are continued until the forces are converged to within 5 meV/Å. Attempt frequency associated with each transition, *ν*, in a supercell with *N* number of atoms is computed from Vineyard's equation:$$\nu = \frac{\prod_{k = 1}^{3N}\nu_{k}}{\prod_{k = 1}^{3N - 1}\nu_{k}^{\prime}}$$where *ν~k~* and $\nu_{k}^{\prime}$ are the real normal mode frequencies at the local energy minimum and saddle point configuration, respectively. We implement and compare finite difference method (FDM) [@bib0010] and density functional perturbation theory (DFPT) [@bib0011] approaches to calculate the restoring forces and derive the Hessian matrix. Individual phonon frequencies are the square root of the eigenvalues of the Hessian matrix. To evaluate the vacancy formation energy and entropy, we calculate the vibrational contribution to the free energy of both perfect and vacancy cells using the Phonopy package [@bib0012].
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